T HROMBOLYSIS, ANTICOAGUlation, and antiplatelet drugs have revolutionized the therapeutic approach to acute coronary syndrome, with significant improvements in clinical outcomes. [1] [2] [3] [4] [5] [6] [7] However, such therapy may concomitantly increase the risk for bleeding, leading to the development of anemia during the hospital stay and to subsequent blood transfusion. [8] [9] [10] Despite advancement in reperfusion therapy, patients with low hemoglobin levels continue to have more postoperative complication and higher mortality rates, [11] [12] [13] [14] and the presence of anemia in acute myocardial infarction has been associated with worse prognosis. [15] [16] [17] [18] [19] In patients with significant coronary occlusion, low oxygen-carrying capacity secondary to anemia may further compromise the myocardial oxygen supply, worsening the ischemia. By increasing the oxygen-carrying capacity, blood transfusion might be beneficial, especially in anemia secondary to acute blood loss.
However, inappropriate blood transfusion may lead to circulatory overload and increased thrombogenicity, which can worsen the clinical outcomes. Furthermore, elevated hemoglobin levels have been shown to be associated with increased mortality. 11, 19 In post hoc analyses of a multicenter randomized controlled trial, Hébert et al 20 reported no mortality benefits of liberal blood transfusion in maintaining hemoglobin levels of at least 10 mg/mL in critically ill patients with cardiovascular disease. However, because patients receiving blood transfusion tend to be older and have advanced disease and more associated comorbid conditions, these variables may act as confounding factors when determining mortality and morbidity rates. [21] [22] [23] Because of conflicting results reported in various investigations, the benefits and harm of blood transfusion in myocardial infarction remain controversial. In the present meta-analysis, we systematically evaluated the potential risk-benefit of blood transfusion in patients with myocardial infarction.
METHODS

DATA SOURCES AND SEARCHES
A systematic search of studies published between January 1, 1966, and March 31, 2012, was conducted using MEDLINE, EMBASE, CINAHL, Scopus, Web of Science, and Cochrane Central Register of Controlled Trials databases. Studies were identified that evaluated mortality outcomes and compared blood transfusion with no blood transfusion or a liberal vs restricted blood transfusion strategy. The search terms used were transfusion, myocardial infarction, and mortality. Pertinent trials were also searched for in clinicaltrials.gov and in proceedings from major international cardiology meetings (American College of Cardiology, American Heart Association, European Society of Cardiology, and Transcatheter Cardiovascular Therapeutics). References of original and review articles were cross-checked. Study selection was performed by 2 of us independently (S.C. and A.S.), with disagreement resolved by consensus among all the authors. Citations were first reviewed at the title and abstract level. Studies that were short-listed were then retrieved in full text.
STUDY SELECTION
Studies were considered suitable for inclusion if they met the following criteria: (1) they reported the effect of blood transfusion or a liberal blood transfusion strategy (blood transfusion levels at which there was no blood transfusion in the comparator arm) on mortality, (2) they had a comparator group with no blood transfusion or a restricted blood transfusion strategy and identified a mean hemoglobin level for both groups, and (3) they used statistical methods to minimize confounding between the groups (matching, covariate adjustment, or propensity-based adjustment). Our search was restricted to studies in the English language. Full texts of 16 potentially relevant articles were independently reviewed by at least 2 of us (S.C. and A.S.) to establish eligibility according to the inclusion criteria. To avoid confounding, we excluded studies assessing the effect of transfusion of components other than whole blood or red blood cells.
DATA EXTRACTION AND QUALITY ASSESSMENT
Data abstraction and study appraisal were performed by 2 of us (S.C. and A.S.) independently, with disagreement resolved by consensus among all authors. Key study and patient characteristics were extracted, including the outcomes of all-cause mortality and myocardial infarction reported at the longest available follow-up periods. Prespecified subgroup analyses were planned for patients with ST-segment elevation myocardial infarction (STEMI) and for patients with a hematocrit of less than 30% (to convert hematocrit to a proportion of 1.0, multiply by 0.01).
Data analyses were performed using commercially available software (RevMan 5. The quality of the studies was assessed on the basis of elements from the strengthening Meta-analysis Of Observational Studies in Epidemiology checklist for cohort studies. We did not assign a threshold for study inclusion. All the studies included in the analyses met at least 15 variables in the checklist.
DATA SYNTHESIS AND ANALYSIS
When available, odds ratios (ORs) reported in the articles were used to determine event rates, and unadjusted ORs (95% CIs) were used preferentially over adjusted ORs to avoid bias from different types of adjustments in the various studies. 24 If ORs were not reported, we calculated them using the event and sample size frequencies. If frequencies were not given, ORs were estimated from percentages and were rounded to the nearest integer. If any cell had a 0 count, ORs were calculated by adding 0.5 to all cell counts from the study to avoid division by 0. The I 2 statistic was used to examine the heterogeneity of effect sizes in the overall aggregations: I 2 of less than 25% indicates low heterogeneity, and I 2 exceeding 75% indicates high heterogeneity. Publication bias was evaluated using a combination of a funnel plot-based method, the regression test by Egger, and the trim-and-fill method to estimate the number of missing studies and to calculate a corrected OR as if these studies were present. The effect of potential outliers was examined by comparing the pooled estimate with estimates obtained after iterations using k minus 1 findings (each study is left out, and the effect is reestimated), where k is the number of studies. Studies were treated as statistical outliers if the k minus 1 estimate produced a 95% CI that did not overlap with the 95% CI of the aggregated estimate. PϽ.05 was considered statistically significant.
STUDY SEQUENTIAL ANALYSIS
In a single study, interim analyses increase the risk for type I error. To avoid an increase of overall type I error, monitoring boundaries can be applied to decide whether a single study could be terminated early because the P value is sufficiently small. Because no reason exists why the standards for a metaanalysis should be less rigorous than those for a single study, analogous study sequential monitoring boundaries can be applied to meta-analysis as study sequential analysis. 25, 26 Cumulative meta-analyses of studies are at risk for producing random errors because of few data 27 and repetitive testing of accumulating data and because the requirement for the amount of information analogous to the sample size of a single optimally powered clinical study might not be met. 25, 26 The underlying assumption for study sequential analysis is that significance testing and calculation of the 95% CIs are performed each time a new study is published. Study sequential analysis depends on the quantification of the required amount of information. In this context, the smaller the required amount is, the more lenient is the trial sequential analysis and the more lenient are the criteria for significance. 25, 26 A required diversity (D 2 )-adjusted information size was calculated, with D 2 being the relative variance reduction when the meta-analysis model is changed from a random-effects model to a fixed-effects model. 28 D 2 is the percentage of the variability between trials to the within-trial variance and constitutes the percentage of the variability between trials to the total variance in the meta-analysis. D 2 is different from the intuitively obvious adjusting factor based on the common quantification of heterogeneity, the inconsistency (I 2 statistic), which might underestimate the required information size. 28 Study sequential analysis was performed with an intent to maintain an overall 5% risk for type I error, which is the standard in most meta-analyses and systematic reviews, and we calculated the required information size (ie, the meta-analysis information size needed to detect or reject an intervention effect of a 20% relative risk increase for harm, with a risk for type II error of 10%, at a power of 90%). 25, 26 Study monitoring boundaries were constructed with the conventional test boundary and using methods by O'Brien and Fleming. 29 
RESULTS
Our MEDLINE search returned 720 studies. After elimination of duplicate results, EMBASE, Cochrane Central Register of Controlled Trials, and the other registries returned 9 additional studies, leaving 729 studies for evaluation. Through a review of titles and abstracts, 705 studies were rejected for relevance. The remaining 24 articles were reviewed and assessed for satisfaction of the inclusion and exclusion criteria. Ten studies that met all criteria were included in this analysis (Figure 1) .
STUDY CHARACTERISTICS
Studies were fairly homogeneous for inclusion and exclusion criteria, with a few key differences. These results are summarized in Table 1 .
STUDY QUALITY
We used the published strengthening Meta-analysis Of Observational Studies in Epidemiology 40 checklist to select the studies for this review (Figure 1) . The included studies reported statistically adjusted effect estimates for the outcome of mortality. Among 10 studies included, all except one (low-bias risk) were intermediate-bias risk studies as assessed by the Newcastle-Ottawa Scale 41 for quality assessment risk evaluation of adequacy of selection, comparability, and outcomes assessment for individual studies ( Table 2) .
PRIMARY OUTCOME
We identified 10 studies, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] including 203 665 study participants, that met our inclusion and exclusion criteria. Only one study 31 was a randomized trial; the others were observational studies. Analyses of blood transfusion in myocardial infarction revealed increased all-cause mortality associated with a strategy of blood transfusion vs no blood transfusion during myocardial infarction (18.2% vs 10.2%) (RR, 2.91; 95% CI, 2.46-3.44; P Ͻ .001), with a weighted absolute risk increase of 12% (P Ͻ .001) and a number needed to harm of 8 (95% CI, 6-17). The risk remained unchanged even on exclusion of the only randomized study. 31 Pooled analysis using adjusted rates of mortality instead of the actual number of events yielded an effect largely similar to that of the primary analysis (eFigure 1; http://www.jamainternalmed.com). However, the mortality risk with blood transfusion was found to be mitigated when restricted to studies that included patients with STEMI (RR, 2.89; 95% CI, 0.54-15.58; P = .22) and patients with a baseline hematocrit of less than 30% (RR, 1.72; 95% CI, 0.39-7.63; P = .47) (eFigure 2 and eFigure 3). Multivariate meta-regression were performed using the log of the RR as the dependent variable and adjusting for the following variables as covariates: follow-up period, history of bleeding, baseline creatinine level, baseline hemoglobin level, nadir of hemoglobin level, and change in hemoglobin level during the hospital stay, as well as the use of glycoprotein IIb or IIIa, thrombolytics, or antiplatelets. The metaregression showed that blood transfusion is associated with higher mortality after adjustment for all these variables. However, we could not adjust for demographic variables in the multivariate model because we did not have patient-level data. Significant heterogeneity was noted among the outcomes (I 2 = 93%) (Figure 2) . A sensitivity analysis performed by sequentially excluding one study at a time and performing a cumulative evaluation identified no single study as the source of heterogeneity. No significant publication bias was noted among the out- comes with visual inspection of the funnel plot, the regression test by Egger (P = .40), or with trim-and-fill adjustment (Figure 3) .
STUDY SEQUENTIAL ANALYSIS
The required diversity-adjusted information size (D 2 = 97%) for the outcome of all-cause mortality was calculated based on analyzing a 10.2% proportion of events in the no blood transfusion or a restricted blood transfusion strategy group and evaluating for a 20% relative risk increase with blood transfusion or a liberal blood transfusion strategy at ␣ = .05 and ␤ = .10 (90% power). The cumulative z curves (calculated with both the conventional test boundary and the methods by O'Brien and Fleming) 29 crossed the study sequential monitoring boundary of harm, suggesting firm evidence for a 20% relative risk increase with blood transfusion or a liberal blood transfusion strategy compared with no blood transfusion or a restricted blood transfusion strategy (Figure 4) . We also constructed a L'Abbé plot 42 and a small study regression graph to avoid a possible error with the effect of inclusion of small studies on the composite outcome.
SECONDARY OUTCOME
Blood transfusion was also significantly associated with a higher risk for subsequent myocardial infarction (RR, 2.04; 95% CI, 1.06-3.93; P = .03). Significant heterogeneity was present for this outcome (I 2 = 98%) as well. No significant publication bias was detected ( Figure 5 ).
COMMENT
Several important clinical findings emerged from our systematic review and meta-analysis. First and foremost, a significant mortality risk is demonstrated with a policy of liberal blood transfusion in patients with myocardial infarction, especially in those patients without STEMI or with a hematocrit of less than 30%, bringing to light a real possibility of harm with the practice of routine blood transfusion in patients with myocardial infarction. The mortality outcome was associated with statistically significant heterogeneity, likely associated with concomitant therapies, heterogeneity in the patient population, and clinical settings (which could not be adjusted for in a All studies demonstrated that the outcome of interest was not present at the start of the study. Asterisks are the star ratings per the Newcastle-Ottawa Scale; * and ** indicates the highest ratings for these categories.
our analysis because of the unavailability of patientlevel data), but might also be due to the precision of the large observational studies, conferring an artificially high I 2 statistic. Also notable was the fact that the results remained unchanged with meta-regression adjusting for certain variables, including the follow-up period, a history of bleeding, baseline hemoglobin level, nadir of hemoglobin level, and change in hemoglobin level during the hospital stay, indicating a significant risk for blood transfusion over and above that associated with bleeding (and anemia) in myocardial infarction. 43 The single randomized trial included in our analysis, the Conservative Versus Liberal Red Cell Transfusion in Acute Myocardial Infarction Trial, 31 had a small sample size and was underpowered to make any relevant conclusions regarding clinically important intervention effects. We attempted to overcome the risk for increased random error due to sparse data and repetitive testing in our analysis by constructing study sequential monitoring boundaries, and our results indicated that random error was not the greatest risk in our meta-analysis. However, confounding by indication may be an important problem because the patients liberally transfused may also be the patients with the most serious disease and at the greatest risk for mortality as estimated by prognostic factors at baseline independent of the interventions subsequently used. We also drew a regression plot to avoid overestimating the effects of small studies on the overall outcomes. Our 95% CIs were narrow, with a large sample size, indicating at least a possibility of real harm with liberal and indiscriminate blood transfusion practices.
Of even greater concern was our finding of a significantly greater risk for myocardial reinfarction with blood transfusion. This finding seems to conform to recent findings of detrimental effects on platelet aggregation with blood transfusion. 44 Overall, our findings are consistent with recent recommendations by the AABB (formerly the American Association of Blood Banks) 45 and in a prior Cochrane review 46 for a restrictive blood transfusion policy in critically ill patients. Our analysis attempts to address the lacuna in the knowledge about blood transfusion practices among patients with acute coronary syndromes as expressed in the aforementioned guidelines by providing an updated meta-analysis on the topic in the absence of an adequately powered randomized trial.
We also found that the risks for blood transfusion became mitigated during our subgroup analyses in patients with STEMI and in patients with a baseline hematocrit of less than 30%. This suggests a future direction of further research in identifying specific subgroups that may accrue a real benefit from blood transfusion, overcoming its detrimental influence. 47, 48 Our study had several methodological limitations. All the studies but one in our meta-analysis were observational, diverse study designs and patient characteristics made interpretation of aggregated estimates challenging, and causality could not be inferred. In addition, despite our efforts at adjusting for different variables, the relevance and reliability of the results were limited. For more definitive conclusions, randomized designs by blood transfusion at different hemoglobin levels and hemato- 2008 Cooper et al, 31 2011 Jani et al, 32 2007 Jolicoeur et al, 33 2009 Nikolsky et al, 34 2009 Rao et al, 35 2004 Shishehbor et al, 36 2009 Singla et al, 37 2007 Wu et al, 38 2001 Yang et al, 39 Figure 2 . Risk for all-cause mortality with liberal blood transfusion. M-H indicates Mantel-Haenszel. Diamond indicates the overall summary estimate for the analysis (width of the diamond represents the 95% CI); boxes, the weight of individual studies in the pooled analysis; whiskers, the 95% CIs: when they are to the left of the midline, representing a risk ratio of 1, it means that the risks of dying favor (ie, are less with) tranfusion; when they are to the right of the midline, representing a risk ratio of 1, it means that the risks of dying favor (ie, are less with) the comparator arm; if the lines touch the midline, representing a risk ratio of 1, it means that the risks of dying are comparable for transfusion and the comparators. crits and relevant outcomes are needed. For these analyses, we had only summary estimates and were unable to adjust for important patient-level covariates. Red blood cell transfusion may be a surrogate for other variables that could have favorable or adverse effects on outcomes (eg, baseline risk, infection, adenosine diphosphate, and soluble CD40 ligand). 49, 50 However, these variables were not reported in the studies used for this analysis and could not be considered. We also restricted our search to English-language sources.
Our study method also had several strengths. The magnitude and consistency of the observed effects for blood transfusion in myocardial infarction make the likelihood of random error affecting this observation unlikely. Moreover, we rigorously controlled for publication bias and used random-effects models, which are ) of 97%, and required information size of 320 310. The analysis uses a random-effects model with a type I error risk of 5% and a power of 90%. The blue line is the cumulative z score from the cumulative random-effects meta-analyses, and each black box indicates the addition of data from a new study; the red lines are the study sequential monitoring boundaries calculated according to the O'Brien-Fleming ␣-spending function and stopping rule. The red vertical line indicates the diversity-adjusted information size of 320 310 patients based on an a priori 20% RRI corresponding to a number needed to harm of 50. There seems to be evidence for a 20% RRI even when the cumulative meta-analysis is adjusted for sparse data and multiple testing on accumulated data, disregarding possible bias. 35  16  6  604  8  242   912   1033  204  82  2401  110  12 724   16 575 Total Jani et al, 32 2007 Jolicoeur et al, 33 2009 Nikolsky et al, 34 2009 Rao et al, 35 2004 Singla et al, 37 2007 Yang et al, 39 2005
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Total events Heterogeneity: τ = 0.62; χ 2 9 = 246.84 (P <.001), I 2 = 98%
Test for overall effect: z = 2.14 (P = .03) Figure 5 . Risk for myocardial infarction with liberal blood transfusion (Tx). M-H indicates Mantel-Haenszel. Diamond indicates the overall summary estimate for the analysis (width of the diamond represents the 95% CI); boxes, the weight of individual studies in the pooled analysis; whiskers, the 95% CIs: when they are to the left of the midline, representing a risk ratio of 1, it means that the risks of myocardial infarction (ie, are less with) liberal Tx/Tx; when they are to the right of the midline, representing a risk ratio of 1, it means that the risks of dying favor (ie, are less with) the comparator arm; if the lines touch the midline, representing a risk ratio of 1, it means that the risks of a myocardial infarction are comparable for the 2 arms.
generally better suited when studies are gathered only from the published literature. We also evaluated for the validity of our mortality findings by constructing study sequential monitoring boundaries and inferred that our results indicated a firm evidence of harm with a practice of liberal blood transfusion in myocardial infarction.
In conclusion, this meta-analysis provides evidence that rates of all-cause mortality and subsequent myocardial infarction are significantly higher in patients with acute myocardial infarction receiving blood transfusion. Additional outcomes data are needed from randomized clinical trials that investigate important outcomes with adequate sample size and with low risk for bias.
